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Abstract
I outline some of the progress over the past few years in applying ideas from string theory to
study the quark-gluon plasma, including the computation of the drag force on heavy quarks and
estimates of total multiplicity from black hole formation. I also indicate some of the main perils
of the string theory approach.
1. Introduction1
The gauge-string duality [1, 2, 3] provides a powerful computational framework for studying2
gauge theories at strong coupling. Recent years have seen a focused effort to use this duality to3
understand the quark-gluon plasma, despite the obvious differences between the best understood4
string theory constructions and quantum chromodynamics (QCD).5
In the gauge-string duality, a thermal state analogous to the quark-gluon plasma is represented6
as a black hole. Five-dimensional calculations based on the properties of the black hole horizon7
are translated into statements about strongly coupled thermal gauge theories, using the gauge-8
string duality. These statements can then be compared with measured properties of the quark-9
gluon plasma.10
In this contribution I will highlight a selection of encouraging results from the string theory11
approach, and at the same time point out the weak points of the calculations behind these results.12
The organization of the rest of this contribution is as follows. In section 2 I will introduce13
the gauge-string duality. In section 3 I will discuss predictions related to hard probes. And in14
section 4 I will discuss predictions for bulk physics. Broader reviews of the gauge-string duality15
and its applications to QCD include [4, 5, 6, 7]. For a recent and useful review of string theory16
constructions more specifically tailored to fit QCD than SYM, see [8].17
2. The gauge-string duality18
2.1. N = 4 super-Yang-Mills is dual to AdS 5 × S 5 [1, 2, 3]19
This duality, the simplest example of AdS/CFT, comes from two apparently different ways
of describing D3-branes, which are locations in ten-dimensional spacetime where strings can
end (see figure 1). Low-energy excitations of D3-branes are governed by N = 4 SYM, whose
lagrangian takes the schematic form
LSYM − 1
2g2Y M
tr F2 + (superpartners) . (1)
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Figure 1: (Color online.) D3-branes at weak coupling and at strong coupling. At weak coupling, strings stretched
between the branes behave as nearly free gluons in a 3+1-dimensional gauge theory, N = 4 SYM. At strong coupling,
the curved geometry AdS 5 × S 5 captures the gauge theory dynamics.
β(gY M) ≡ 0 for this theory, which makes comparison with QCD perilous.20
At weak coupling, the open strings ending on the D3-branes behave as gluons, and superpart-
ners of gluons, in SYM. At strong coupling, the simplest description of D3-branes is in terms of
near-horizon geometry, AdS 5×S 5. The five-sphere, S 5, plays essentially no role in the discussion
to follow. The metric of AdS 5 is
ds2 =
L2
z2
(−dt2 + d~x2 + dz2) (z > 0) , (2)
and the characteristic length scale L is related to the ’t Hooft coupling by
λ ≡ g2Y MN =
L2
α′
, (3)
where α′ is the inverse string tension. Strong coupling means λ  1, which is equivalent to21
L2  α′. This is the statement that strings are typically much smaller than the radius of curvature22
of AdS 5, making geometrical notions like the metric reliable.23
2.2. The equation of state has

free
=
3
4
+
1.69
λ3/2
+ . . . [9, 10, 11]24
One can introduce finite temperature by replacing AdS 5 by the AdS 5-Schwarzschild metric:
ds2 =
L2
z2
(
−hdt2 + d~x2 + dz
2
h
)
h = 1 − z
4
z4H
. (4)
The horizon at z = zH has Hawking temperature T = 1/(pizH), and its Bekenstein-Hawking25
entropy is related to its area by S = A/4GN .26
SYM has considerably more degrees of freedom than QCD: free field counting gives
S Y Mfree ≈ 39T 4 QCDfree ≈ 16T 4 (3 massless flavors) . (5)
It is perilous to directly compare theories with /T 4 so different. On the other hand, it is intrigu-27
ing that lattice results for /free in QCD are fairly close to the SYM values.28
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Figure 2: (Color online.) Left: a quark and anti-quark are described on the string theory side by strings hanging from
the boundary of AdS 5 down to the D3-branes. Right: A lower-energy configuration is for the two strings to join into one
U-shaped string.
2.3. An infinitely massive fundamental quark is dual to a hanging string [12, 13]29
The relation between quark-anti-quark pairs and hanging strings in AdS 5 is illustrated in30
figure 2. The quarks are infinitely massive because there is actually an infinite length of string31
“close” to the boundary.32
By calculating on the string theory side the energy gained by passing from the disjoint strings
to the U-shaped string, one finds a Coulombic force, screened in the infrared when the tempera-
ture is finite. Equating this force to the quark-anti-quark calculated from the lattice at a separation
r ≈ 0.25 fm and an energy density corresponding in QCD to T ≈ 240 MeV leads to
λS Y M = 5.5 +2.5−2 (6)
in SYM [14]. This is surprising because then αS Y M ≈ 0.15. The match between lattice calcu-33
lations and SYM is conspicuously imperfect because SYM doesn’t confine. The leading order34
string theory curve isn’t even fully understood for r >∼ 0.25 fm; but see [15]. These points il-35
lustrate some the perils of comparing SYM and lattice QCD; however, I will stick with (6) as a36
physically motivated range of couplings, and also continue to compare SYM and QCD at fixed37
energy density rather than fixed temperature, as a way of correcting for the larger number of38
degrees of freedom in SYM.39
3. Hard probes40
3.1. Heavy quarks lose momentum according to
dp
dt
= − p
τQ
+ stochastic [16, 17, 18]41
The physical picture of quark energy loss in string theory is sketched in figure 3. The trailing
string describes the response of the color-electric fields produced by the quark to the thermal
medium. From the shape of the string, determined through classical equations of motion in
string theory, one can deduce that
dp
dt
= −pi
√
λ
2
T 2S Y M
v√
1 − v2
= − p
τQ
τQ =
2mQ
piT 2S Y M
√
λ
(7)
τcharm ≈ 2 fm τbottom ≈ 6 fm if TQCD = 250 MeV . (8)
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Figure 3: (Color online.) A quark drags a trailing string behind it. The string encodes energy loss in the dual gauge
theory.
A recent study shows that these equilibration times are at least roughly consistent with RAA of42
non-photonic electrons [19].43
The stochastic forces on the quark are reflected on the string theory side by oscillations of44
the trailing string [17, 20, 21, 22].45
3.2. There are two competing efforts to characterize gluon energy loss [23, 24, 25, 26, 27, 28]46
The first method, originally proposed in [23], is based on using a Wilson loop describing two
quarks separated by a length L and propagating along a null separation L−, measured in the rest
frame of the plasma. In this approach one finds
qˆLRW =
pi3/2Γ(3/4)
Γ(5/4)
√
λT 3 ≈ 3.6 GeV
2
fm
( TS Y M
280 MeV
)3
. (9)
In the last approximate equality, I used λ = 6pi, as preferred by the authors of [23]. In comparing47
with QCD, a reduction of qˆ by about a factor of 2 is probably in order to account for fewer degrees48
of freedom in QCD. Criticisms of the choice of worldsheet [29] suggest that the approach of [23]49
is not without its perils.50
The second method is based on a representation of an off-shell gluon as a string falling into
the horizon, first proposed in [25]. This method leads to a stopping distance
xstop <∼
1
piTS Y M
(
1√
λ
E
TS Y M
)1/3
. (10)
It is perilous to compare (10) (or better estimates of xstop based on worldsheet and spacetime
geodesics) with more standard approaches based on qˆ, simply because the picture of a gluon
advocated in [25] is significantly different from the perturbative picture. Nevertheless, one can
make a rough translation of xstop into a value for the jet-quenching parameter:
qˆrough ≡ 4E
3αsx2stop
≈ 21 GeV
2
fm
, (11)
where in the approximate equality we set αs = 1/2 for QCD, but use λS Y M = 5.5 for SYM, as well51
as the usual scheme of matching the energy density of QCD and SYM, with TQCD = 280 MeV.52
We also assumed that the energy of gluons is between 5 to 25 GeV.53
4
Among the perils of this discussion are the crudeness of (11), the sensitivity to the tempera-54
ture, and the obvious tension between the proposals of [23] and [25].55
4. Bulk physics56
4.1. In a phenomenological construction, ζ/s <∼ 1/4pi [30, 31, 32]57
In [30] it was shown that starting from the gravitational action
S 5−dimensional =
∫
d5x
√
g
[
R − 1
2
(∂φ)2 − V(φ)
]
, (12)
one can adjust the scalar potential V(φ) to mimic the equation of state of QCD. Having done58
this, one can calculate the bulk viscosity from the probability for an appropriate superposition of59
gravitons and scalars to be absorbed by the black hole. Results of such computations, shown in60
figure 4, indicate that the peak in ζ/s is present, but not strong, for a realistic equation of state.61
A peril in using the action (12) is that it doesn’t come from a first principles calculation.
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Figure 4: (Color online.) Left: The speed of sound as a function of temperature for several constructions based on (12).
Right: The corresponding bulk viscosity. The lattice points, from [33], are for pure glue. Both plots are from [31].
62
4.2. Multiplicity estimates from colliding shocks have the right magnitude but strange scaling63
[34, 35, 36]64
The idea of colliding shocks is to replace a heavy ion with a boosted conformal soliton. In
the limit of infinite boost, the only non-zero component of the gauge theory stress tensor is
〈T−−〉 = 2EL
pi
[
(x1)2 + (x2)2 + L2
]3 δ(x−) L ≈ 4.3 fm = rms radius of gold , (13)
where x− = x0 − x3. The fall-off of 〈T−−〉 at large x⊥ is as a power, perilously different from
the exponential fall-off of the Woods-Saxon profile. We nevertheless work with (13) because its
gravitational dual is simple: it is a point-sourced gravitational shock wave in AdS 5. As sketched
in figure 5, a non-spherical event horizon forms when such shocks collide. Following standard
but non-rigorous methods, one can estimate
S >∼ pi
(
L3
G5
)1/3
(2EL)2/3 ≈ 35000
( √
sNN
200 GeV
)2/3
. (14)
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Fig. 1. Charged particle multiplicities for A+A, p+p (with leading particle effect
removed) and e+e−. Theoretical curves are pQCD (dotted line) [ 12], baryon-free
Landau (solid line) [ 6], and Landau including the baryochemical potential effect
(dot-dashed) [ 19].
region of phase space) in all collisions involving nuclei, from p + A to Au + Au
collisions [ 13, 14].
3. Thermal Phenomenology and Hadrochemistry
In the Landau scenario, freezeout is not expected to occur immediately, as Fermi
assumed, but rather when the temperature reaches the limit of the pion Compton
wavelength T = mpi. This was based on a suggestion by Pomeranchuk [ 15] to avoid
Fermi’s prediction that nucleons would outnumber pions by virtue of their larger
statistical weight. This assumption leads to predictions for the relative population
of various particle states similar to those made in the Hagedorn approach [ 16, 17].
A+A collisions clearly deviate from the Fermi-Landau formula at low energies.
An obvious suspect is the phenomenon of baryon stopping, which is absent in p+p
collisions but is substantial in A+A [ 18]. If one puts back the −µBNB term into the
first law of thermodynamics, we immediately see how the presence of a conserved
quantity associated with a substantial mass (i.e. the proton mass) will naturally
suppress the total entropy: S = (E + pV − µBNB)/T . Using an existing thermal
model code, Cleymans and Stankiewicz [ 19] calculated the entropy density as a
function of
√
s. It rises to limiting value where µB → 0 and T → T0, the Hagedorn
temperature. If we then assume that the total multiplicity scales linearly with the
Figure 5: (Color online) Left: A trapped surface forms around the point-sources of two gravitational shock waves
colliding head-on in AdS 5. Right (from [37]): Total multiplicity scales approximately as E1/2 (as predicted by the
Landau model) over a wide range of energies. It may just be starting to roll over to a slower scaling near top RHIC
energies.
Using the phenomenological estimate S ≈ 7.5Ncharged, one gets Ncharged >∼ 4700 for central gold-65
gold collisions at top RHIC energies. This compares quite favorably with the data, which gives66
Ncharged ≈ 5000 [38]. A serious peril is the E2/3 scaling in (14), which will bring the string theory67
prediction into conflict with data only slightly above op RHIC energies u less multiplicities rise68
unexpectedly quickly.69
A crude resolution, which I nevertheless think is on th right tr ck, is to iscard th e tropy70
of the part of the trapped surface above some ultraviolet cutoff in AdS 5. This mimics the effect of71
asymptotic freedom and changes the scaling of S trapped from E2/3 to E1/3, which is roughly in line72
with CGC predictions. An infrared cutoff is prob bl lso n cess ry. With rea onable ch ice for73
the cutoffs, predictions for total multiplicity at LHC energies come out around Ncharged = 20, 000.74
This extrapolation is perilous because it depends significantly on the cutoffs.75
5. Conclusions76
The string theory approach to the quark-gluon plasma has made impressive progress. AdS/CFT77
provides many calculations of strongly coupled phenomena that can be compared to heavy-ion78
collisions. Such comparisons often come out surprisingly well, among them shear viscosity, the79
drag force on heavy quarks, jet splitting, total multiplicity at
√
sNN = 200 GeV, and perhaps also80
thermalization and bulk viscosity. (Due to lack of space I have been unable to include discussions81
of jet splitting and thermalization.) When calculations in AdS/CFT compare poorly with QCD,82
we often understand why: Usually, it is the strong coupling limit and/or conformal invariance83
which distorts the results.84
But the string theory approach is afflicted with significant perils. We are too often limited to85
the N  1, λ  1 regime. N = 4 SYM isn’t QCD, so comparisons aren’t systematic. We can go86
beyond N = 4 SYM in string theory, but the constructions become non-unique, providing room87
for theoretical fudging. Essentially, this means that the onus is on theorists to create models that88
are as clean and predictive as possible while capturing the essentials of QCD.89
Further effort on the theoretical side, and even better measurements of both hard probe and90
bulk physics observables, are clearly in order to clarify the extent to which the heavy-ion pro-91
grams at RHIC and the LHC probe experimental predictions of string theory.92
6
Acknowledgments93
I am particularly indebted to my collaborators: J. Friess, G. Michalogiorgakis, S. Pufu, and94
A. Yarom. I thank J. Casalderrey-Solana, M. Gyulassy, B. Jacak, J. Nagle, J. Noronha, K. Ra-95
jagopal, D. Teaney, and W. Zajc for useful discussions. This work was supported in part in96
part by the DOE under Grant No. DE-FG02-91ER40671 and by the NSF under award number97
PHY-0652782.98
References99
[1] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2100
(1998) 231–252, hep-th/9711200.101
[2] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators from non-critical string theory,”102
Phys. Lett. B428 (1998) 105–114, hep-th/9802109.103
[3] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2 (1998) 253–291, hep-th/9802150.104
[4] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, “Large N field theories, string theory and105
gravity,” Phys. Rept. 323 (2000) 183–386, hep-th/9905111.106
[5] I. R. Klebanov, “TASI lectures: Introduction to the AdS/CFT correspondence,” hep-th/0009139.107
[6] S. S. Gubser and A. Karch, “From gauge-string duality to strong interactions: a Pedestrian’s Guide,” 0901.0935.108
[7] S. S. Gubser, S. S. Pufu, F. D. Rocha, and A. Yarom, “Energy loss in a strongly coupled thermal medium and the109
gauge-string duality,” 0902.4041.110
[8] E. Kiritsis, “Thermodynamics and transport in holographic QCD-like theories,” talk at Strings 2009,111
http://strings2009.roma2.infn.it/talks/Kiritsis Strings09.pdf.112
[9] S. S. Gubser, I. R. Klebanov, and A. W. Peet, “Entropy and Temperature of Black 3-Branes,” Phys. Rev. D54113
(1996) 3915–3919, hep-th/9602135.114
[10] S. S. Gubser, I. R. Klebanov, and A. A. Tseytlin, “Coupling constant dependence in the thermodynamics of N = 4115
supersymmetric Yang-Mills theory,” Nucl. Phys. B534 (1998) 202–222, hep-th/9805156.116
[11] J. P. Blaizot, E. Iancu, U. Kraemmer, and A. Rebhan, “Hard thermal loops and the entropy of supersymmetric117
Yang- Mills theories,” hep-ph/0611393.118
[12] J. M. Maldacena, “Wilson loops in large N field theories,” Phys. Rev. Lett. 80 (1998) 4859–4862,119
hep-th/9803002.120
[13] S.-J. Rey and J.-T. Yee, “Macroscopic strings as heavy quarks in large N gauge theory and anti-de Sitter121
supergravity,” Eur. Phys. J. C22 (2001) 379–394, hep-th/9803001.122
[14] S. S. Gubser, “Comparing the drag force on heavy quarks in N = 4 super- Yang-Mills theory and QCD,”123
hep-th/0611272.124
[15] D. Bak, A. Karch, and L. G. Yaffe, “Debye screening in strongly coupled N=4 supersymmetric Yang-Mills125
plasma,” JHEP 08 (2007) 049, 0705.0994.126
[16] C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz, and L. G. Yaffe, “Energy loss of a heavy quark moving through N127
= 4 supersymmetric Yang-Mills plasma,” hep-th/0605158.128
[17] J. Casalderrey-Solana and D. Teaney, “Heavy quark diffusion in strongly coupled N = 4 Yang Mills,”129
hep-ph/0605199.130
[18] S. S. Gubser, “Drag force in AdS/CFT,” hep-th/0605182.131
[19] Y. Akamatsu, T. Hatsuda, and T. Hirano, “Heavy Quark Diffusion with Relativistic Langevin Dynamics in the132
Quark-Gluon Fluid,” 0809.1499.133
[20] S. S. Gubser, “Momentum fluctuations of heavy quarks in the gauge-string duality,” hep-th/0612143.134
[21] J. Casalderrey-Solana and D. Teaney, “Transverse Momentum Broadening of a Fast Quark in a N=4 Yang Mills135
Plasma,” hep-th/0701123.136
[22] G. C. Giecold, E. Iancu, and A. H. Mueller, “Stochastic trailing string and Langevin dynamics from AdS/CFT,”137
0903.1840.138
[23] H. Liu, K. Rajagopal, and U. A. Wiedemann, “Calculating the jet quenching parameter from AdS/CFT,”139
hep-ph/0605178.140
[24] H. Liu, K. Rajagopal, and U. A. Wiedemann, “Wilson loops in heavy ion collisions and their calculation in141
AdS/CFT,” JHEP 03 (2007) 066, hep-ph/0612168.142
[25] S. S. Gubser, D. R. Gulotta, S. S. Pufu, and F. D. Rocha, “Gluon energy loss in the gauge-string duality,”143
0803.1470.144
[26] Y. Hatta, E. Iancu, and A. H. Mueller, “Jet evolution in the N=4 SYM plasma at strong coupling,” JHEP 05 (2008)145
037, 0803.2481.146
7
[27] P. M. Chesler, K. Jensen, and A. Karch, “Jets in strongly-coupled N = 4 super Yang-Mills theory,” 0804.3110.147
[28] P. M. Chesler, K. Jensen, A. Karch, and L. G. Yaffe, “Light quark energy loss in strongly-coupled N = 4148
supersymmetric Yang-Mills plasma,” 0810.1985.149
[29] P. C. Argyres, M. Edalati, and J. F. Vazquez-Poritz, “Spacelike strings and jet quenching from a Wilson loop,”150
JHEP 04 (2007) 049, hep-th/0612157.151
[30] S. S. Gubser and A. Nellore, “Mimicking the QCD equation of state with a dual black hole,” 0804.0434.152
[31] S. S. Gubser, A. Nellore, S. S. Pufu, and F. D. Rocha, “Thermodynamics and bulk viscosity of approximate black153
hole duals to finite temperature quantum chromodynamics,” 0804.1950.154
[32] S. S. Gubser, S. S. Pufu, and F. D. Rocha, “Bulk viscosity of strongly coupled plasmas with holographic duals,”155
0806.0407.156
[33] H. B. Meyer, “A calculation of the bulk viscosity in SU(3) gluodynamics,” arXiv:0710.3717 [hep-lat].157
[34] S. S. Gubser, S. S. Pufu, and A. Yarom, “Entropy production in collisions of gravitational shock waves and of158
heavy ions,” 0805.1551.159
[35] S. Lin and E. Shuryak, “Grazing Collisions of Gravitational Shock Waves and Entropy Production in Heavy Ion160
Collision,” 0902.1508.161
[36] S. S. Gubser, S. S. Pufu, and A. Yarom, “Off-center collisions in AdS 5 with applications to multiplicity estimates162
in heavy-ion collisions,” 0902.4062.163
[37] P. Steinberg, “Landau hydrodynamics and RHIC phenomena,” Acta Phys. Hung. A24 (2005) 51–57,164
nucl-ex/0405022.165
[38] B. B. Back et. al., “The PHOBOS perspective on discoveries at RHIC,” Nucl. Phys. A757 (2005) 28–101,166
nucl-ex/0410022.167
8
